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ABSTRACT

A finite element computer program was used to predict creep closure of
o i l  s torage  caverns  in  two  sa l t  domes  in  the  Gul f  Coast  reg ion  o f  the  United
States . These caverns are part of  the U.S. Strategic Petroleum Reserve
(SPR) Program which is administered by the U.S. Department of Energy (DOE).

The  resul t ing  s tresses  and  d isp lacements  predic ted  by  the  f in i te
element program were post-processed to obtain:  1)  a measure of  the
structural  integr i ty  o f  each  cavern  and 2 )  predic t ions  o f  wel l  head  pressure
increase and volume change due to creep closure.

The caverns were determined to be structurally stable through the use
of a fracture function which is dependent on mean stress and creep strain.
The finite element predictions of  pressure increase and volume change were
compared to f ield measurements from caverns presently in use. F i n i t e
element predictions were found to be below available measured field data.
This  I S  part ia l ly  due  to  the  fact  that  the  f i e ld  data  inc ludes  the  pressure
increase  f rom f lu id  thermal  expansion  as  wel l  as  that  f rom creep  c losure .

*This work was performed at Sandia National Laboratories and was supported
by the U.S. Department of Energy under contract number DE-AC04-76DP00789.
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1. INTRODUCTION

T h e  U . S . Strateg ic Petroleum Reserve ( S P R )  i s a national program

d e v o t e d  t o reducing the v u l n e r a b i l i t y  o f t h e  U n i t e d States to supply

i n t e r r u p t i o n s  b y fore ign o i l  s u p p l i e r s . The program calls for storage of

approximately 7 5 0  m i l l i o n  b a r r e l s (MMbbl)  o f  c r u d e  o i l  o r  m o r e .  S a l t

caverns leached in salt  domes around the Gulf  of  Mexico have been determined

to be economica l  s i tes  to  s tore  the  major i ty  o f  th is  petro leum because  the

caverns are safer and more economical than steel’ tanks and because the Gulf

Coast l o c a t i o n  a l l o w s easy a c c e s s  t o the shipping lanes and pipeline

networks which al ready carry m u c h  o f the f l o w  o f  f o r e i g n  o i l  i n t o  t h e

country. Another advantage to the use of  salt  domes was the availability of

an e x i s t i n g mine and numerous caverns which were suitable for purchase and

inunedi  ate p e t r o l e u m  s t o r a g e . The  f ina l  s torage  vo lume wi l l  thus  be  sp l i t

between  an exist ing mine, e x i s t i n g caverns and newly leached expansion

caverns in two salt domes around the Gulf.

T h e  p u r p o s e  o f t h i s  r e p o r t  i s  t o  p r e s e n t  c a v e r n  s t r u c t u r a l  s t a b i l i t y

and creep c l o s u r e  p r e d i c t i o n s obtained from f in i te  e lement  analyses  o f

caverns f i l l e d  w i t h  b r i n e  o r oil at Bryan Mound, Texas, and at West

Hackberry, Louisiana.

2. ANALYS  I S METHODS

2.1 Finite Element Analysis

The f i n i t e e 1 ement method of fers  the  capabi l i ty  to  model  a lmost  any

geometric shape and subject  the  model  to  a  var ie ty  o f  l oading  condi t ions .

This makes i t  ideal  for  analyz ing  sa l t  caverns  which  vary  great ly  in  s ize ,

shape and average depth.

A  c o n s i d e r a b l e amount  o f development work has been done on a finite

element program to predict the creep response of  bedded rock salt  [4]. This

program was one of nine structural computer programs used in the Benchmark

II e x e r c i s e in  which  a  gener ic  dr i f t  f or  nuc lear  waste  i so lat ion  in  bedded

s a l t  w a s  a n a l y z e d  [6]. The predicted values from the program compared well

11



WI th r e s u l t s from the eight other structural codes which were exercised in

the benchmark study.

This program was also used to analyze existing caverns which had been

capped and instrumented t o  p r o v i d e pressure increase data and/or volume

change data due t o  c r e e p  c l o s u r e . The results of  these analyses were in

agreement with t h e  f i e l d  d a t a  [8]. Subsequent analyses of  other caverns

including those documented in this repcrt have typically underpredicted the

pressure increase data coming from the wellhead. Whi le  the  reasons  for  th is

are not yet ful ly u n d e r s t o o d ,  i t  i s probably  due  to  a  combinat ion  o f

fluid thermal expansion, material modeling and boundary conditions.

2.2 Determining Model Width

The code can current ly analyze only two-dimensional p l a n e  o r

axisymmetric shapes. Since the caverns are three-dimensional, s ome

a p p r o x i m a t i o n  i s required. In an idealized array of  evenly spaced caverns

on t h e  s a m e  l e v e l , where the rows are staggered, each cavern is surrounded

by s i x other caverns  which  are  a l l  equid is tant  f rom the  centra l  cavern  (a

hexagonal, c l o s e packed a r r a y )  a s shown i n  F i g u r e  1 . An axisymmetric

approx imat ion  o f th is cavern array can be made using the finite element

mode 1 shown i n  F i g u r e 2  where  the  mesh width  i s  one-hal f  the  center-to-

center distance between caverns.

I f , h o w e v e r ,  a n example cavern we desire to analyze is surrounded by

caverns at the same level distributed as shown in Figure 3.  the even spacing

of an order ly a r r a y  i s no longer present. The mesh width f,or analyzing

cavern A in Figure  3  i s  determined  by  averaging  hal f  the  p i l lar  widths  to

surrounding caverns. In  cases  where  there  i s  a  180’ arc  around a  cavern,

w h e r e  n o other caverns e x i s t  o n the same level, we  a lso  inc lude  in  the

a v e r a g i n g  p r o c e s s t h e  p i l l a r d is tance required to  s imulate  an  in f in i te

boundary. This distance has been determined to be approximately eight times

t h e  c a v e r n  d i a m e t e r  [?I. Using  this  in format ion , we can calculate the mesh

width required for cavern A in Figure 3 as

12



AB/2+AC/Z+AD/2+8d
w= -_____--__ + d/2 (1)

4

The outer boundary of the model describing cavern A is shown in Figure 3.

Comparison with limited f i e l d  d a t a has shown the  method  to  be  va l id .

However, more data and subsequent analysis of  the data source would be

help fu l  and  i s  be ing  act ive ly  pursued .

2.3 Determining Model Height

I n i t i a l l y , the vertical  distance between the top and bottom boundaries

of the models was made three times the height of  the cavern, with the cavern

s i t u a t e d  i n the middle. This was adequate with a long slender cavern, but

not f o r caverns that are shorter and wider. It  was determined, therefore,

that  there  should  be  at  l east  twice  the  widest  radius  o f  the  cavern  in  model

height above a n d  b e l o w the cavern and preferably three times. This was

determined from c a l c u l a t i o n s  o f t h e  s t a t e  o f  e f f e c t i v e  s t r e s s  a t  t h e  t o p

and bottom boundary a f t e r 60 years of creep stress r e l i e f . It was

considered des irab le to  have  the  e f fec t ive  s tress  at  the  top  and  bot tom o f

the  model less than ten  percent  o f  the  e f fec t ive  s tress  at  the  sur face  o f

the cavern walls. This assured minimal interference of  the top of  the model

with cavern response.

2.4 Boundary Conditions

The f i n i t e element model of Bryan Mound Cavern One is shown in Figure

4. The boundary condi t ions a p p l i e d  t o this mesh are  typ ica l  o f  those

appl ied  to  the  o ther  caverns  in  th is  report . Across the top of  the mesh is

placed a  l i t h o s t a t i c  p r e s s u r e  c o r r e s p o n d i n g  t o  i t s  d e p t h  ( 1  p s i  p e r  f o o t  o f

depth). Inside the cavern is a brinehead pressure from the surface of  the

ground (0 .521  ps i  per  foot  o f  depth) . Even though the cavern contains crude

o i l , the br ine str ing to  the  sur face  f rom the  br ine  buf fer  at  the  cavern

bottom r e s u l t s  i n approximate ly  br inehead pressure  in  the  cavern . Since

b r i n e h e a d  p r e s s u r e  i s  l e s s  t h a n  l i t h o s t a t i c  p r e s s u r e ,  t h e  c a v e r n  w a l l s  w i l l

creep inward. The r ight and left  sides of  the mesh are allowed to move

v e r t i c a l l y , but they are f ixed  hor izonta l ly  as  indicated  by  the  vert i ca l

13



r o l l e r s . The bottom of the mesh is allowed to

f ixed v e r t i c a l l y . T h e  i n i t i a l  s t r e s s  s t a t e  i s

the entire mesh so that the creep algorithm wil

from which to begin computations.

m o v e  h o r i z o n t a l l y ,  b u t  i t  i s

s e t  t o  b e  l i t h o s t a t i c  a c r o s s

1  have  a  correct  s tress  s tate

2.5 Simulating Initial Cavern Leaching

Each cavern starts as a borehole  and gradually enlarges as fresh water

1s pumped in a n d  b r i n e is pumped out. The  borehole  d is turbs  the  g lobal

s t a t e  o f s tress away f r o m  t h e  h o l e very l i t t l e , 1 eaving a  s tate  o f

l i t h o s t a t i c stress throughout the region where the cavern will  be leached.

The s t r e s s  a t the current cavern surface gradually changes with time from

l i t h o s t a t i c to  br inehead  as  the  cavern  i s  deve loped  f rom a  borehole  to  i t s

present s t a t e . It  has been determined that this leaching process must be

s i m u l a t e d  i n o r d e r  t o accurately predict the cavern response immediately

a f t e r leaching is completed. One method is to l inearly reduce the pressure

ins ide the current cavern  geometry from l i thostat i c  to  br inehead over  a

f i n i t e  p e r i o d  o f time. Figure 5 shows the predicted cavern closure rate

(measured  in volumetric f lowrate) f o r three  d i f ferent  t reatments  o f  the

i n i t i a l  l e a c h i n g . Curve A shows the instantaneously created cavern response

w h e n  i t i s  l oaded  in i t ia l ly  wi th  br inehead  pressure  ins ide . In  th is  case ,

the  e f fec t ive  s tress  around the  cavern  i s  very  large  in i t ia l ly  and gradual ly

decays due  to  creep  s tress  re laxat ion  o f  the  rock  sa l t . The  dot ted  l ine  in

Curve A at 5 0 0  d a y s r e p r e s e n t s  a computational range where numerical

o s c i l l a t i o n occurs as the system adjusts to the instantaneous loading. The

o s c i l l a t i o n was determined to be numerical by observing that the occurrence

time and per iod  o f  the  osc i l la t ion  was  a  funct ion  o f  the  computat ional  t ime

step As the time step was shortened the oscil lation moved toward zero and

didn’ t l a s t  a s long. Curves B and C show the cavern response when the

pressure inside is reduced from lithostatic to brinehead over 300 days and

1 0 0 0  d a y s , r e s p e c t i v e l y . I n  t h e s e cases , t h e  i n i t i a l  e f f e c t i v e  s t r e s s

around the cavern is zero as it  would be before the cavern was leached. The

e f f e c t i v e stress increases  as  the  ins ide  pressure  i s  reduced . At the time

the i n t e r i o r reaches br inehead pressure , the  e f fec t ive  s tress  around the

cavern is at a maximum, then it  gradually dissipates with time to steady

s t a t e e f f e c t i v e s t r e s s . In all three  cases , t h e  s t e a d y  s t a t e  e f f e c t i v e
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s t r e s s dlstrlbutlon on the mesh IS  essentially the same and It corresponds

to the  s teady  s tate  f l ow rate  a f ter  3000  days  as  shown in Figure 5 . In all

three cases , the f l o w  r a t e  a t  time z e r o  r e s u l t s  f r o m  t h e  initial e l a s t i c

r e s p o n s e  o f the cavern. The 1000 day leaching period  was used in all  the

subsequent cavern analyses presented in this report.

2.6 Slmulatlng  Cavern Leaching During 011 Withdrawal

The SPR is designed to allow five oil  withdrawals of  each cavern during

the thirty  y e a r l i f e  o f the  program. When the  011 i s  withdrawn,  i t  i s

r e p l a c e d  b y f r e s h  w a t e r  w h i c h 1 caches the cavern t o  a  l a r g e r  s i z e .  A

computer program [ll] for predicting leaching was obtained by the Fluid and

Thermal Sciences Department at Sandia and modified to more closely meet SPR

needs. This program [lo] was used to predict the new cavern size after each

011 withdrawal/leaching c y c l e . The cavern leaching was taken into account

during the f i n i t e element analysis by predefining the model to match the

layers which were predicted to be leached as shown in Figure 6. The timing

of the f i v e withdrawals is not known a priori  since it  will  depend on the

national energy s i t u a t i o n  a t that time. For analyt i ca l  purposes ,  the

withdrawals were divided evenly over the l i fe of  the SPR program (30 years),

which results in one withdrawal every six years. At the time the withdrawal

occurs , the  pressure  i s  t ransferred  f rom the  current  cavern  sur face  to  the

new1 y created s u r f a c e s  a s the  layer  o f  l eached  e lements  i s  de le ted . The

cavern c losure rate increases because the volume has increased. Figure 7

shows the total volume of Bryan Mound Cavern One plotted against time. Each

step in the curve represents a volume increase due to leaching. After each

volume Increase, the  cavern  cont inues  to  creep  Inward as  shown in  the  c lose -

u p  o f  o n e  l e a c h i n g  c y c l e  in Figure 8 .

2.7 Temperature Effects

As can  be  seen  in  Equat ion  (2 )  be low, the  creep  rate  i s  an  exponent ia l

f u n c t i o n  o f temperature. The fluid going into the cavern is assumed to be

approximately 7 0 ° F  a n d  g r a d u a l l y  h e a t s  t o  t h e  i n - s i t u  t e m p e r a t u r e  o f  t h e

c a v e r n  ( b e t w e e n  lOOoF  a n d  130’F depending o n  d e p t h ) . This  has  two  e f fec ts .

First, the f l u i d e x p a n d s  a s  i t heats and flows from the cavern if  the
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wellhead  i s o p e n ,  o r the i n t e r n a l  p r e s s u r e  i n c r e a s e s  i f  t h e  wellhead  1s

shut. Second, the  f lu id  coo ls  the  wal ls  o f  the  cavern  resul t ing  in  thermal

contraction and temporary reduction in creep rate.  The computer code has the

c a p a b i l i t y  t o treat the thermal stress prob lem and also the thermal

i n f l u e n c e  o n creep. A thermal analysis of one cavern was performed with a

separate computer code  which  s imulated  the  in i t ia l  p lacement  o f  coo l  f lu id

in a cavern and subsequent i n j e c t i o n s  o f coo l f l u i d for the

drawdown/leaching  c y c l e s . This time dependent thermal f ield was included in

the  s tructural  creep  analys is  o f  the  cavern .

For comparison, the same analys is was a l s o made without the time

dependent thermal f ie ld  but  us ing  a  constant  temperature  corresponding  to

the average temperature of  the salt. Immediate ly  a f ter  the  f i rs t  coo l  f lu id

i n j e c t i o n , the analysis which included the thermal f ield predicted a cavern

c losure rate which was 50% less than in the constant temperature analysis.

Within three or four years,  however, the predicted cavern closure rates were

about the same. Including a thermal gradient in each cavern‘s structural

analys is was diff icult because the thermal boundary conditions were hard to

d e f i n e  w i t h  e x i s t i n g  d a t a . Each subsequent analysis was performed with a

constant , average temperature. I t  w a s f e l t that t h i s g i v e s  a good

r e p r e s e n t a t i o n  o f cavern performance three or four years after the time of

i n j e c t i o n .

2 .8  Mater ia l  Propert ies

T h e  p r o g r a m  u s e s an elastic constitutive model and a secondary creep

strain model of  the form.

% = A exp(-Q/RT)Z(n)

where

5 = secondary  e f fec t ive  creep  s tra in  rate
A = laboratory determined constant
Q  =  a c t i v a t i o n  e n e r g y
R =  universa l  gas  constant
T =  temperature  in  degrees  Kelv in
a =  e f f e c t i v e  s t r e s s
n = stress exponent

(2)
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The c o e f f i c i e n t s  i n the above equation were determined by triaxial  creep

t e s t i n g  o f s a l t and are given in Table I. The  e last i c  propert ies  were

determined from standard tr iax ia l  compress ion  tests  and are  a lso  g iven  in

Table  I .

Table I

Mater ia l  Propert ies

Bryan Mound
s a l t
shale - -

caprock - -

overburden - -

West Hackberry
s a l t 2.92E-23
shale - -

caprock - -

overburden

12.1 3.62
- - - -
- - - -
- - - -

12.0 4 .90 4. 60E8 ,. 26
- - - - 1. 48E7” 29
- - - - 1. 48E7* 29 I
- - - - 2. OOE4* 33 i-

* Reduced intact modulus as explained in  Sect ion  2 .11 .

where

E = Youngs’ Modulus
u =  Po issons ’  Rat io

2 .9  Predict ing  Sal t  Fracture

n
S i t e A (l/r(daps)(osf)  1) Q (Kcal/mole  K) II 11E (nsf)

6. 80E8
1. 48E7*
1. 48E7*
2. OOE4*

33
29
29
33 ?z-1 ?? Yt2

A f u n c t i o n  w h i c h conservat ive ly  predic ts  the  occurrence  o f  rock  sa l t

f r a c t u r e  h a s been developed [9]. This  funct ion  re lates  conf in ing  pressure

and e f f e c t i v e creep s t r a i n and becomes pos i t ive  when the  potent ia l  f or

fracture  or  crushing  ex ists .

r#l = 150.0 (& - 0 . 0 2 3  - f ( P ) ) (3)
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where

2.10 Volumetr ic  Calculat ions

T h e  we1

i s the only

information

lhead  prov ides  the  only  access  to  a  cavern  and consequent ly  i t

location  that can be used to monitor cavern response. Typical

obtained f r o m  a n instrumented  wellhead i n c l u d e s  p r e s s u r e

increase when t h e  wellhead i s  s e a l e d , and flow volume when the wellhead is

opened t o  r e d u c e t h e  p r e s s u r e . The  pressure increase comes from two

sources : 1) Creep c l o s u r e , which reduces the cavern volume, and 2) Fluid

thermal expansion, p r o d u c e d  w h e n  t h e oil is heated from i n j e c t i o n

temperature to cavern temperature at depth. The daily pressure increase and

the b leed down volume are used to calculate a dally cavern volume change

whrch w e c a l l cavern  c losure  rate . The computed pressure increase due to

creep c l o s u r e  i s a l s o a  funct ion  o f  the  compress ib i l i ty  o f  the  br ine  and

o i l . T h e  compressibility  a s s u m e d f o r  b r i n e  w a s 2.2 x 10
- 6

and the compressibility assumed for oil  was 5.55 x 10
- 6

l / p s i .
_- __*-  -

5
0.132 for P > 1.256 x 10 psf

f ( P )  = (4)

(2 .11 ’7  x  lo+)  P - (8 .450  x  10
- 1 2

)P otherwl se

$I =  f r a c t u r e  f u n c t i o n

t‘ = creep  s tra in

P = (a1 + a2 +  03)/3.0  ( conf in ing  pressure )

f ( P )  =  f u n c t i o n  o f  c o n f i n i n g  p r e s s u r e

Potent ia l prob lem reg ions a r o u n d  a cavern were assessed  by  post -

process ing the f i n i t e element resul ts to  determine  i f  the  funct ion  was

p o s i t i v e anywhere  in the mesh. T h e  c o d e c u r r e n t l y  h a s  n o  m e a n s  o f

redistr ibut ing  s tresses  i f  f racture  occurs  dur ing  computat ions .

The finite element code computes the nodal displacements at the end of

each  t ime s tep  spec i f ied  by  the  user . The volume of the cavern at each time

step is computed by a post-processing program which uses the coordinates and

displacements at each node on the cavern surface. The volume and time data
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can then be  manipulated  into  cavern  c losure  rates  and pressure  increases .

The cavern c losure rates and pressure increases p r e d i c t e d  w i t h this

procedure do  not  inc lude  the  contr ibut ion  f rom thermal  expansion  o f  cavern

f l u i d . Hence, the values given here tend to underpredict the measured data.

Research is currently being conducted to quantify the pressure increase from

fluid thermal expansion.

2.11 Analysis of Newly Leached Expansion Caverns

Leaching of new expansion caverns at West Hackberry and Bryan Mound has

commenced. The new caverns have the same geometry and depth at each site

b u t  m a t e r i a l propert ies vary f r o m  s i t e t o  s i t e . In these analyses the

f i n i t e e 1 emen  t mode 1 and boundary conditions were kept the same and the

mater ia l  propert ies  were  var ied .

A standard expansion cavern is a tapered cylinder with the top diameter

being s l ight ly  larger  than the  bottom. The caverns are designed to have an

ini t ia l  vo lume o f  approx imate ly  11 .0  Mhfbbl  wi th  10  MMbbl f or  o i l  s torage  and

1 MMbbl  as a  b r i n e  b u f f e r from which bleed down can occur. A f t e r  f i v e

drawdown cycles the standard caverns will  have a volume of approximately 20

MMbbl The roo f Will b e  c o n i c a l with  the  angle  f rom hor izonta l  be ing

approximately 30 degrees. The top of  the cavern will  be at a depth of  about

2 0 0 0  f e e t and the  bot tom o f  the  cavern  wi l l  be  at  4000  feet . The  f in i te

element model of  a standard expansion cavern is shown in Figure 9.

Recent studies have shown that leaching the large volume of the new

c a v e r n s  w i l l  s i g n i f i c a n t l y  i n f l u e n c e  t h e  v e r t i c a l  s t r e s s  i n  t h e  r e g i o n  a b o v e

t h e  c a v e r n s  [9] This was determined using the finite element model of  the

e n t i r e West Hackberry dome shown in Figure 10. In this model,  the caverns

are approximately represented (since this is a two-dimensional axisymmetric

model) with a  centra l  cy l inder  and two  ad jacent  toro ids . The influence of

1 eachi  ng on the stress state above the caverns is shown in Figure 11 where

the i n i t i a l l i t h o s t a t i c s t r e s s  i s compared with the v e r t i c a l s tress

pred ic ted at  the  end  o f  the  SPR l i fe . Figure 12 shows the variation in the

vert i ca l  s tress  with  t ime 500  feet  above  the  cavern  as  leaching  takes  p lace .
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This vert i ca l  s tress  h is tory  was  appl ied  as  a  boundary  condi t ion  to  the  top

of the detailed finite element model shown in Figure 9.

The boundary c o n d i t i o n s  o n the walls of  the cavern approximated the

s t r e s s hi story o f  the  cavern  by  s imulat ing  leaching  (sect ion  2 .5 )  over  the

f i r s t three years, leeving  the  cavern  at  br ine  head  pressure  for  f ive  years

and then s imulat ing  6 drawdown/leaching  cyc le  every  s ix  years  by  de let ing  6

l a y e r  o f elements. The results for a standerd cavern at Bryan Mound and

West Hackberry are given in Sections 3.7 and 4.7 respectively.

3. BRYAN MOUND SALT DOME ANALYSIS RESULTS

3.1  General  S i te  Descr ipt ion

The Bryan Mound sal t dome is located in Southeastern Texas near the

city o f Freeport. approximtitely  two miles inland from the Gulf. The edges

o f the dome have been explored for oil  since 1901, but the amount produced

has been s m a l l The major use of  the site has been production of  sulphur

from the caprock and brine from five leached caverns. T h e s e  f i v e  c6verns

were ecquired  by the U.S. Department of  Energy (DOE) in April ,  1977 for use

in the SPR program Al I o f  the  caverns  underwent  cert i f i cat ion  s tudies

between 1977 and 1979 and all  were deemed suitable for oil  storage except

Cavern Three which appeared to h6ve some fresh water circulation. New wells

were d r i l l e d into the c6verns t o  m e e t design inlection  and withdrawal

requirements. and 011 inlection started in October, 1977 [2]. The five

c a v e r n s  a t Bryan Mound were analyzed in the present study to confirm the

structur61 safety of the caverns and to predict the volume losses from the

caverns due to creep c losure . Figure 13 shows 6 plan view of the Bryan

Mound sal t  dome and the  f ive  ex is t ing  caverns  in  re lat ion  to  each  other  and

to the edge of  the dome.

3.2 Bryan Mound Cavern One

The well  for Bryan Mound Cavern One was initially dril led in 1942. The

v o l u m e  o f the c6vern  is c u r r e n t l y  5  3  m i l l i o n  b a r r e l s  (MMbbl)  ( 2 . 9 8  x  1 0 7

fr3, T h e  c a v e r n  is located well away from the edge of the dome and the
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caprocli, but has a p i l l a r  o fon 1 v 24-5 feet between it  6nd Cavern Four.

Caverns Four 6nd Five are the only existing caverns that are on the same

l e v e l  a s Cavern One. Two new caverns will be leached about 800 feet away

and two more new caverns will be leached about 1000 feet from Cavern One and

on the same level The shape and dimensions of the cavern 6s determined

from sonar data are shown in Figure 14 [2]. The finite element model of

Cavern One is shown in Figure 4 and has a volume of 5.0 MMbbl (2.80 x 10
7

rt3j. The vo lumetr ic  response  o f  the  cavern  versus  t ime is  g iven  in  Figure

C a l c u l a t i o n  o f the fracture funct ion shows the cavern to be

s t r u c t u r a l l y sound and wi 11 cant inue  6s such through the first sever61

drawdown c y c l e s . There  i s  6  poss ib i l i ty  o f  coa lescence  with  cavern  four  on

the second o r  t h i r d  drtlwdown, requiring that the growth of both caverns be

m o n i t o r e d  c l o s e l y  [2]. Because of  our two-dimension61 approach, the present

analys is Wl 11 not p r e d i c t  t h e  s t r e s s e s  o r  f r a c t u r i n g  o f  t h e  p i l l a r  a s  t h e

two caverns approach each other.

TABLE II

Bryan Mound Cavern One Pred acted Cavern Closure Rates

7 and a summary of the predicted cavern closure rate immediately before e6ch

oil withdrawal  i s  g iven  in Table  I I

Withdrawal Number I n i t i a l I 2 3 4 5

7 ?
V o l u m e  (x 1 0 ’  f t ” ) 2 80 3.29 3.90 4.56 5.27 6.00

Cavern Closure Rate 22 .0 31.3 39.6 51.8 64.0 75.3

(ft3/day)

3.3 Bryan Mound Cavern Two

The i n i t i a l well  for Cavern Two was dril led in 1942 and the 5.5 MMbbl

7 ‘7
(3.09 x 10’ ft”) cavern shown in Figure 15 was subsequently developed.
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Cavern T h r e e  i s the only cavern (including the new caverns) on the s6me

l e v e l  6s Cavern Two a n d  i t  i s  l o c a t e d  4 5 0  f e e t  6way. The c6vern  is we1 1

away from the edge of the dome, b u t  i t  IS o n l y  3 6 5  f e e t  b e l o w  t h e  caprock.

This d is tance has been found suitable by past and present f inite element

a n a l y s e s  [2]. T h e  f i n i t e  e l e m e n t  m o d e l , as shown in Figure 16 has a volume

of 4 . 9  hJMbb1  ( 2 . 7 5  x  1 0 7 ft3). The volumetric response of the cavern versus

t i m e  i s given i n  F i g u r e 17 and t h e  p r e d i c t e d cavern c losure rates

immediately before each oil  withdrawal are given in Table Ill.

Results from the  f racture  funct ion  show this  cavern  to  be  s tructural ly

sound throughout  i t s  ent i re  SPR l i fe  inc luding  the  f ive  drawdown  cyc les .

TABLE I I I

Bryan Mound Cavern Two Predicted Cavern Closure Rates

Withdrawal Number Ini t i a l 1 2 3 4 5

Volume (x 107 ft3) 2.75 3 .39 4 .14 4 .99 5.89 6 .87

Cavern Closure Rate 6 . 4 7.8 12.7 20 .0 35 .8 29 .0

( ft3/day)

3.4 Bryan Mound Cavern Three

Cavern  Three  was initiated in 1941 and currently has a volume of 6.4

MMbbl  (3.59 x 107 ft3). This cavern was purchased for oil  storage along

with the r e s t  o f the caverns, but was subsequently deemed unsuitable for

t h i s purpose E a r l y  i n 1ts t e s t i n g ,  i t appeared to have fresh water

c irculat ion  and cont inual  leaching  taking  p lace  within  the  cavern .  There  are

a l s o  p r o b l e m s w i t h  t h e  w e l l  l e a k i n g  a n d  u n t i l  b o t h  o f  t h e s e  p r o b l e m s  a r e

f i x e d  o r  r e c o n c i l e d , o i l  w i l l  n o t  b e  s t o r e d  i n  t h i s  c a v e r n  [z].
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A finite e lement  analys is  o f  the  cavern  was  carr ied  out  in  the  present

s t u d y  t o conf irm its s tructural  s tabi l i ty  over  the  life o f  the  SPR program

and to  predic t  the  creep  c losure  rate  o f  the  cavern .

The Cavern, shown in Figure 18, is relatively shallow and Cavern Two is

the only other cavern on the same level. The finite element mesh, which has

a cavern volume of 12.76 MMbbl (7.16 x lo7 ft3), is shown in Figure 19. The

mesh W6S made us ing  the  largest  cross -sect ion  found in the  sonar  surveys ,

because showing that t h i s larger  cavern  i s  s tructural ly  sound would  a lso

indicate the safety  o f  the  actual  cavern .  The  f racture  funct ion  shows th is

cavern to be stable throughout the l i fe of  the SPR program. The analysis

p r e d i c t s  a l o s s  o f apf,roximately  two  percent  o f  the  origlnal vo lume over

s i x t y  y e a r s . Unfortunately, there does not seem to be any closure rate data

for comparison

3.5 Bryan Mound Cavern Four

C a v e r n  F o u r  i s the second 1 arges

7 7

t cavern in the SPR program with 6

vo lume o f  16 .3  MMbbl  (9 .15  x  10 ’  f t ” ) . The  wel l  f or  th is  cavern  was  dr i l led

in 1942  and  gradual ly  deve loped  into the  shape  shown in  Figure  20 . This

cavern is approximately in the center of  the dome and is 1500 feet below the

caprock s o  n o e d g e  o f dome or  roo f  th ickness  problems are  ant ic ipated .

Caverns One a n d  F i v e are on  the  same leve l  and  re lat ive ly  c lose  (p i l lar

t h i c k n e s s e s  o f 2 4 5  f e e t a n d  3 2 0  f e e t , respect ive ly ) .  Three  o f  the  new

expansion caverns are also on the same level and within approximately 1100

f e e t  [2]. The finite element mesh shown in Figure 21 has a cavern volume of

1 6 . 9  M M b b l  ( 9 . 4 9  x  lo7 ft3). The predicted cavern closure rats immediately

be fore each  drawdown  is  g iven  in  Table  IV and the  tota l  vo lume versus  time

i s  p l o t t e d  i n  Figure  2 2 .

P o s t - p r o c e s s i n g  o f the fracture funct ion indicates the present and

future ( a f t e r  five drawdown  c y c l e s )  s t a b i l i t y  o f  t h i s  c a v e r n . There is the

poss ib i l i ty  o f  coa lescence  with  Cavern  One , as mentioned previously and also

w i t h  C a v e r n  F i v e  [2]. The volume growth and pillar distances between these

three  caverns  needs  to  be  c lose ly  monitored .
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TABLE IV

Bryan Mound Cavern Four Predicted Cavern Closure Rates

Withdrawal Number I n i t i a l 2 3 4 5

V o l u m e  ( x  lo7 ft3‘1 9.49 10.63 12.17 13.86 15.68 17.44

Cavern Closure Rate 160.1 206.7 27

( ft3/day)

3.6 Bryan Mound Cavern Five

‘1 .5 340.0 423.1 503.8

Cavern  Five was  in i t iated  in  1957 and  subsequent ly  deve loped  into  the

3 3 . 4  Mhfbbl ( 1 . 8 8  x  lo8 ft3) cavern shown in Figure 23 The cavern has an

upper and lower lobe separated by what appears to be an insoluble layer (the

1 edge m a y  b e the r e s u l t  o f non-uniform leaching with depth rather than

insolubi 1 i ty) This  cavern  is  the  largest  in  the  SPR program,  but  s ince  i t

1s over 650 feet from the dome edge and 1000 feet from the caprock,  no dome

e d g e  o r roo f thickness problems are anticipated. Cavern Four and two new

expans I on caverns are loc6ted o n the same leve l  as  th is  cavern . Also

included as a factor in the determination of  the mesh width was the distance

to the e d g e  o f the dome [2]. The f inite e lement  representat ion  o f  the

c6vern in  Figure  24  has  a  vo lume o f  33 .4  MMbbl  (1 .88  x  lo8 ft3). This mesh

does not include a layer of  elements for deletion with each drawdown. An

at tempt was made to include the layers.  but the resulting mesh was so f ine

and had so many e l e m e n t s  a s to make the analysis overly computer time

intens ive . The present mesh has one layer of  elements between the original

a n d  fin61 s i z e The volumetric response of the cavern is given in Figure 25

a n d  a  summarv  o f  t h e  predicted  c a v e r n  c l o s u r e  r a t e  a f t e r  t h e  f i r s t  a n d  f i n a l

drawdown is g i v e n  in T a b l e  V

T h e  p o s t - p r o c e s s e d fracture f u n c t i o n  d o e s  n o t  lndlcate  a n y  s t a b i l i t y

p r o b i e m s  o f the c a v e r n  a t p r e s e n t  o r  i n the f u t u r e  A s  m e n t i o n e d
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previous ly . t h e r e  i s the possibility of  coalescence with Cavern Four. The

present m o d e l  i s not sui tab le fo1 p r e d i c t i n g  p i l l a r  s t a b i l i t y  p r o b l e m s

assoc iated  with  th is  coa lescence  process

TABLE V

Bryan Mound Cavern Five Predicted Cavern Closure Rates

Withdrawal Number I n i t i a l 1 2 3 4 5

V o l u m e  ( x  lo7 ft3) 18.8 - - - - 26.3

Cavern Closure Rate 448.8 849.6

(ft3/day)

3.7 Bryan Mound Expansion Caverns

I n  a d d i t i o n  t o the  ex ist ing  caverns , current efforts are underway to

leach standard expansion caverns at the Bryan Mound site. A  descr ipt ion  o f

the methods used  to  analyse  th is  s tandard  cavern  i s  g iven  in  sect ion  2 .11 .

The pred ic ted closure rate of a standard cavern where Bryan Mound material

propert ies were used is given in Table VI and the total volume versus time

is shown in Figure 26.

P o s t - p r o c e s s i n g  o f the computational resul ts using the fracture

funct ion show that the standard cavern at Bryan Mound is stable’ throughout

i t s  S P R  l i f e  i n c l u d i n g  t h e  f i v e  drawdown  c y c l e s .
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TABLE VI

Bryan Mound Expansion Cavern Predicted Cavern Closure Rates

Withdrawal Number I n i t i a l 1 2 3 4 5

Volume (x 107 ft3) 6.15 7.18 8.11 9.43 10.79 12.13

Cavern Closure Rate 162.5 296.0 317.3 431 .o 673.4 720.2

( ft3/day)

4. WEST HACKBERRY SALT DOME ANALYSIS RESULTS

4.1  General  S i te  Descr ipt ion

The West Hackberry SPR Site is located about 75 miles southwest of Lake

Charles, LA. Calcasieu Lake, which has a surface area of  approximately 75

square m i l e s ,  i s d i r e c t l y  e a s t  o f  t h e  s i t e  a b o u t  f i v e  m i l e s . Black Lake,

which  i s  immediate ly  north  o f  the  s i te , or ig inal ly  had  an  area  o f  about  four

square mi les  but  has  increased  i ts ’ area in the past 30 years to between 25

and 5 0  s q u a r e  m i l e s . Subs idence  at  the  s i te  i s  probably  the  cause  o f  the

increase .

The s i t e was f i r s t explored for oil  in 1902 and has had a long and

f r u i t f u l  h i s t o r y . The  f i rs t  o i l  d iscovery  was in 1928 when a trap was found

on the flank of the dome. During this time sulphur exploration was begun

but there is no evidence that sulphur mining was ever pursued.

In 1934 Olin Corporation began producing chemical feedstock brine from

w e l l s  d r i l l e d  i n t o  t h e  s a l t . Five of these caverns were obtained by DOE and

u s e d  a s initial  storage for the SPR program. The dome is a large one with

several other commercial i n t e r e s t s  a t the s i t e . There  ‘are eleven

hydrocarbon storage caverns owned by Cities Services on 80 acres southeast

o f t h e  p r e s e n t SPR s i te  [12]. A  cross -sect ion  o f  the  West  Hackberry  Sal t

Dome is shown in Figure 27.
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4.2 West Hackberry Cavern Six

T h e  w e l l for Cavern Six was dril led in 1946 and it  was developed as a

br ine feedstock cavern. The cavern was obtained by DOE for the SPR and was

f i r s t c e r t i f i e d  i n 1977. It is has a regular pan shape with a volume of

7.1 MMbbl,  a height of 153 feet and a maximum diameter of 1150 feet. The

maximum diameter  I S  a t  tje top  o f  the  cavern  in  a  th in  pancake- l ike  cav i ty .

This cav i ty  i s  about  ten  feet  h igh  and 1150  feet  in  d iameter . The majority

of the cavern has a diameter of  about 800 feet.

Cavern Six is approximately 1200 feet below the caprock  and about 700

f e e t from the e d g e  o f the dome. Caverns Seven, Eight and Nine and two

standard expansion caverns are on the same level and close enough to be

i n c l u d e d  i n t h e  m e s h  w i d t h  d e t e r m i n a t i o n . The geometrical shape of  the

c a v e r n  i s shown in Figure 28 [12] and a blow-up of  the f inite element mesh

i s shown i n  F i g u r e 29 .  This  cavern  was  analysed  in i t ia l ly  with  leaching

al lowed in  the  th in  pancake- l ike  cav i ty .  Leaching  in  th is  reg ion  expands  the

roo f diameter even further and may threaten the stability of  the cavern.

Mainta ining  an oi 1 blanket on the roof and down below the opening to the

c a v i t y when drawdowns occur wi l l  prevent  further  leaching  o f  the  cav i ty .

The f i n a l cavern analys is was made assuming that leaching does not take

place  in  the  cav i ty  at  the  top  o f  the  cavern .

The  predic ted  cavern  c losure  rates  are  g iven  in  Table  VII  and  the  to ta l

volume versus  t ime is  p lot ted  in  Figure  30 . The computed pressure increase

f o r this cavern is 3.12 psi/day whereas the measured pressure increase is

approximately 1 . 1 4  p s i / d a y . The discrepancy most  l ike ly  resul ts  f rom a

modeling problem such as. 1) the assumed temperature field around the

c a v e r n  i s t o o  h i g h  g i v i n g  a n  o v e r p r e d i c t i o n  o f  c r e e p  r a t e ,  2 )  t h e  s t r e s s

above the c a v e r n  h a s been s igni f i cant ly  re l ieved  through creep  or  3 )  the

mesh needs to be wider. The same temperature gradient and stress state were

assumed in the a n a l y s e s  o f Caverns Seven, Eight and Nine which are

r e l a t i v e l y c l o s e to Cavern Six and these all  compared favorably with field

data  in  terms o f  pressure  increase  per  day . Unlike most caverns, the cavern

c losure rate f o r th is  cavern  drops  s l ight ly  a f ter  the  second drawdown  and

increases with  subsequent  drawdown cyc les . This  i s  due  to  the  fact  that  the
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material l e a c h e d  i s along the s lant ing side of  the cavern which is not

c r e e p i n g  a s fast as the roof and floor.  In the meantime the creep closure

rate cant inues to decrease with time and this decrease with time more than

o f f s e t s the increased c losure rate due to deleting elements. The post-

processing of the fracture function and minimum stresses show this cavern to

be  s tab le  as  long  as  leaching  i s  prevented  in  the  cav i ty  around the  roo f .

TABLE VI I

West Hackberry Cavern Six Predicted Cavern Closure Rates

Withdrawal Number I n i t i a l

V o l u m e  ( x  lo7 ft3) 3.89

Cavern Closure Rate 664.0

1 2 3 4 5

4 .62 5.30 6.00 6.74 7.51

636.0 655.4 703.5 7 2 2 . 1  7 2 4 . 7

(ft3/day)

4.3 West Hackberry Cavern Seven

T h e  w e l l f o r Cavern  Seven was dr i l led  in  1946 . Its geometry is a

cyl inder s i t t i n g  o n  a c i r c u l a r bulb. The  cy l inder  i s  about  250  feet  in

diameter and 600 f e e t  h i g h . T h e  c i r c u l a r  b u l b  i s about  430  feet  in

diameter. The c a v e r n  h a s  a storage volume of  12 .3  MMbbl  making  i t  the

largest c a v e r n  a t West Hackberry. I t  i s  about  500  feet  be low the  caprock

and at least 1000 feet from the edge of  the dome. The closest cavern is No.

s ix  f rom which  i t  I S  separated  by  545  feet . Cavern  Eight  i s  a lso  located  on

the same level 750 feet away. The distances to Cavern S IX ,  Cavern Eight and

the e d g e  o f the dome were used to determine the mesh width [12]. The

geometry of the cavern is shown in Figure 31 and the finite element mesh is

shown in Figure 32.

P r e d i c t i o n s  o f the  vo lume loss  o f  the  cavern  due  to  creep  c losure  i s

g i v e n  i n  T a b l e VIII  and  tota l  vo lume versus  t ime i s  p lo t ted  in  Figure  33 .

C a l c u l a t i o n s  o f the fracture  funct ion  show this  cavern  to  be  s tructural ly

sound throughout i t s ent i re S P R  l i f e  i n c l u d i n g  t h e  f i v e  drawdown c y c l e s .
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The sepal-at  ion distances from the edge of  the dome and Cavern S IX  indicate

that there  should  be  no  interact ion  o f  th is  cavern  with  No .  S ix  or  the  edge

o f  t h e  s a l t  t h r o u g h o u t  t h e  f i v e  drawdown  c y c l e s .

TABLE VIII

West Hackberry Cavern Seven Predicted Cavern Closure Rates

Withdrawal Number I n i t i a l 1 2 3 4 5

Volume (x 107 ft3) 5.75 7.0 1 8.39 9.81 11.40 13.06

Cavern Closure Rate 98.0 164.6 242.4 374.1 554.8 833.4

(ft3/day)

4.4 West Hackberry Cavern Eight

The  wel l  f or  Cavern  Eight  was  dr i l l ed  in  1946 . The geometry is a long

s lender  cy l inder  on  top  o f  a  shorter  wider  cy l inder . The top cylinder has a

d i a m e t e r  o f 2 5 0  f e e t  a n d  a  l e n g t h  o f  8 0 0  f e e t . The bottom cylinder has a

d i a m e t e r  o f 446  feet  and  a  he ight  o f  200  feet . The cavern has a volume of

10 .1  MMbbl  and  i s  l ocated  500  feet  be low the  caprock and  over  1000  feet  f rom

the e d g e  o f the  dome. It IS surrounded by caverns on the same level

inc luding , SlX, Seven, Nine, Olin 3, Olin 5 and standard expansion caverns

101, 103  and 105. AI 1 of  these caverns were used to determine the mesh

width. M o s t  o f these caverns are over 1000 feet away but the separation

distance t o  N i n e is  only  160  feet .  These  two  caverns  wi l l  l ike ly  coa lesce

d u r i n g  t h e  t h i r d  f r e s h - w a t e r  r e f i l l  c y c l e  [12]. The geometry of this cavern

is shown in Figure 34 and the finite element mesh in Figure 35.

P r e d i c t i o n s  o f the volume change due  to  creep  c losure  are  g iven  in

Table I X  a n d the t o t a l volume versus t i m e  i s plot ted in Figure 36.

C a l c u l a t i o n  o f the fracture funct ion  shows this cavern t o  b e  s t a b l e

throughout i t s SPR l i fe . The growth of this cavern and Cavern Nine should
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b e  m o n i t o r e d c lose ly  a f ter  the  second  drawdown  and further  analys is  o f  the

stabi l i ty  o f  the  separat ing  p i l lar  per formed at that time.

TABLE IX

West Hackberry Cavern Eigh.t Predic ted Flow Rates

Withdrawal Number I n i t i a l 1

7 7

2 3 4

Volume (x  10 ’  ftY) 5.42 6.27 7.12 8 .15 9.10

Cavern Closure Rate 129.5 148.7 181.0 252.8 336.9

( f t3/day)

4.5 West Hackberry Cavern Nine

T h e  w e l l for Cavern  Nine  was d r i l l e d in 1947. It has a geometry

c o n s i s t i n g of two chambers. The upper chamber is approximately 400 feet in

diameter at the top and necks down to about 60 feet in diameter. The lower

chamber is a cylinder approximately 588 feet in diameter. The 1977 sonar

survey taken o n  c e r t i f i c a t i o n  w a s  8 . 9  MMbbl. The cavern geometry is shown

i n  F i g u r e 37 and the f i n i t e element model is shown in Figure 38. After

c e r t i f i c a t i o n the cavern was brined again by Olin and has not been

resurveyed. The cavern is located far from the edge of  the dome and more

than 1000 feet be low the  caprock. The  p i l lar  d is tance  to  Cavern  Eight  i s

approximately 160 feet and the two wi l l  probably  coa lesce  be fore  three

fresh-water drawdowns. Caverns Six,  Seven, 103, 109 and 110 surkound Cavern

Nine and their p i l l a r distances were used in calculating the mesh width

[I21

P r e d i c t i o n s  o f the volume change due  to  creep  c losure  are  g iven  in

Table X and the tota l volume versus time i s  p l o t t e d i n  F i g u r e  3 9 .

C a l c u l a t i o n  o f the fracture funct ion  shows this cavern t o  b e  s t a b l e

throughout i t s e n t i r e SPR life. As mentioned in the section on Cavern

Eight, the g r o w t h  o f these two caverns should be monitored closely since

coalescence  i s  l ike ly  to  occur  a f ter  the  th ird  drawdown.
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TABLE X

West Hackberry Cavern Nine Predicted Flow Rates

Withdrawal Number I n i t i a l

V o l u m e  ( x  lo7 ft3) 4 .45

Cavern Closure Rate 120.9

(ft3/‘day)

4.6 West Hackberry Cavern Eleven

1 2 3 4 5

5.32 6.25 7.25 8 .30 9 .22

170.8 244.4 341.4 4 7 7 . 3  6 3 8 . 7

The well for Cavern Eleven was dril led in 1962. I t  has  a  cy l indr ica l

geometry WI th a diameter of  306 feet, a height of  815 feet and a volume of

8 . 5  MMbbl  b a s e d  o n the June 1977 sonar survey. It is well  away from the

edge of  the dome and well  below the caprock. It is  also more than 1000 feet

f r o m  t h e c l o s e s t c a v e r n  [  121 so the width of  the f inite element mesh was

c h o s e n  t o s i m u l a t e  a n i n f i n i t e boundary. The geometry of  the cavern is

shown in Figure 40 and the finite element mesh is shown in Figure 41.

T h e  p r e d i c t e d c a v e r n  f l o w r a t e s  f o r  t h e  f i v e  drawdown  c y c l e s  a r e  g i v e n

in Table XI and the total volume versus time is plotted in Figure 42. p o s t -

p r o c e s s i n g  o f the fracture funct ion  shows this  ’ c a v e r n  t o  b e stab le

t h r o u g h o u t  i t s  e n t i r e  S P R  l i f e  i n c l u d i n g  t h e  f i v e  drawdown  c y c l e s .
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TABLE XI

West Hackberry Cavern Eleven Predicted Flow Rates

Withdrawal Number I n i t i a l 1 2 3 4 5

Volume (x 107 ft3) 4.38 5.04 5.73 6.48 7.27 8.11

Cavern Closure Rate 81.7 112.3 138.1 171.1 2 1 2 . 1  2 6 6 . 0

( ft3/day)

4.7 West Hackberry Expansion Caverns

I n  a d d i t i o n  t o the  ex ist ing  caverns , current efforts are underway to

1 each expans i on caverns at the West Hackberry site. A  descr ipt ion  o f  the

methods used  to  analyse  th is  s tandard  cavern  i s  g iven  in  Sect ion  2 .11 . The

pred ic ted c losure rate of a standard cavern using West Hackberry material

p r o p e r t i e s  i s given in Table XII and the total volume versus time is shown

in Figure 43.

P o s t - p r o c e s s i n g  o f the computational r e s u l t s using the fracture

f u n c t i o n  s h o w  t h a t the standard c a v e r n  a t West H a c k b e r r y  i s s tab le

throughout  i ts  SPR l i fe  inc luding  the  f ive  drawdown  cyc les .

TABLE XI I

West Hackberry Expansion Caverns Predicted Flow Rates

Withdrawal Number I n i t i a l

V o l u m e  ( x  lo7 ft3) 6 .15

Cavern Closure Rate 143.7

( ft3/day)

1 2 3 4 5

7.18 8.11 9.43 10.79 12.13

298.4 342.1 499.0 717.3 947.0

32



5. COMPARISON WITH FIELD DATA

F i e l d  d a t a from caverns which currently hold oil  has become available

in ihe past few months. The  data  i s  not  prec ise  in  that  i t  comes  f rom dai ly

wellhead p r e s s u r e r e a d i n g s  o n 1 0 0 0  p s i dial gauges. However, when many

months of  data are digitized and analyzed by a computer,  some general trends

c a n  b e  o b t a i n e d . The measured pressure increase shown in Table XIII is the

r e s u l t  o f averaging the slopes of  several multimonth pressure versus time

curves derived from f i e l d  d a t a . The f i n i t e element p r e d i c t i o n  o f  t h e

pressure increase f o r each cavern and the ratio between the predicted and

measured pressure increase are also given in Table XIII.

W i t h  t h e except ion of West Hackberry Cavern 6, Table XIII shows that

the computed pressure increase is always less than the measured pressure

increase . The f l l l dates f o r each  o f  the  caverns  indicate  a  re lat ive ly

short t i m e  h a s elapsed since fi l l  was completed and that the caverns are

probably not yet approaching thermal equilibrium. This means that a (as yet

u n q u a n t i f i e d )  p o r t i o n  o f t h e  m e a s u r e d  p r e s s u r e  i n c r e a s e  i s  d u e  t o  f l u i d

thermal expansion. The mean and standard deviation in Table XIII show that

the  comparison  i s  fa i r ly  cons is tent . The  re lat ive ly  large  d i f ference  in  the

data from Bryan Mound Cavern  One , West Hackberry Cavern Six and West

H a c k b e r r y  C a v e r n  S e v e n  c o u l d  b e due t o : 1 )  spat ia l ly  vary ing  mater ia l

p r o p e r t i e s ,  2 ) the axisymmetric f inite element mesh not modeling the real

cavern very w e l l , 3 )  thermal  f lu id  expansion  i s  larger  for  th is  cavern ,  or

4) the f i e l d  d a t a  h a s some erroneous values. I t  i s  apparent  that  the

c o n t r i b u t i o n  t o t h e  p r e s s u r e increase from fluid thermal expansion needs

further  s tudy  and quant i f i cat ion .
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TABLE XIII

Comparison of  Finite Element Predictions and Field Data

Cavern Fi l l  Dates Meas. P r e s .  I n c

(ps l/day)

BMl lo/78 - lo/82 0.55

BM2 10/77 - 10/79 0.093

BM4 11/77 - 8/81 0.66

BM5 5/78 - 6/81 0.78

WH6 8/77 - 11/81 1.14

wH7 lo/78 - 7/80 1.45

WH8 lo/78 - 4/80 0.65

wH9 7/78 - 6/79 1.20

WI-Ill 7,‘77 - 11/80 1.10

Mean of  Comp./Meas.  = 0.435

Computed Press. Inc.

(psi/day)

0.15

Comp./Meas.

0.27

0.048 0.52

0.33

0.48

3 .12

0.32

0.43

0.50

0.34

0.50

0.62

2 .74

0.22

0 .66

0 .38

0.31

1 (  exc luding
S t a n d a r d  d e v i a t i o n  o f  Comp./Meas.  =  0 . 1 6 4  )

6. CONCLUSIONS

~136 )

The  methods  presented  in  th is  report  for  determining  creep  response  o f

1 eached s a l t caverns work reasonably  wel l  cons ider ing  the  l imitat ions  o f

two-dimensional approximations of  the actual shapes and boundary conditions.

The r e l a t i v e l y cons is tent compar ison  o f f i n i t e element predictions and

l imited f ie ld  data  a lso  shows  that  the  method  i s  va l id . The volume change

versus time data, which  have b e e n  p r e d i c t e d , w i l l  b e  u s e f u l  t o  c a v e r n

o p e r a t o r s  i n the  p lanning  o f  b leed  down schedules ,  br ine  buf fer  s izes ,  and

disposa l o f  br ine  d isp laced  f rom the  cavern  due  to  creep  c losure . This  a id

i n  p r e d i c t i n g and p lanning should result in a more e f f i c i e n t  c a v e r n

operat ion .
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The analyt i ca l techniques employed show that the West Hackberry and

Bryan Mound Caverns in the SPR are currently structurally sound and with few

exceptions are e x p e c t e d  t o remain structurally sound through the planned

drawdown  c y c l e s . Those few caverns which may develop problems are discussed

in their respective sections and operating procedures to enhance long-term

s t r u c t u r a l  s t a b i l i t y  a r e  d e s c r i b e d .
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Figure  1 : Top View of  Cylindrical  Cavern Array
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Figure lla: Lithostatic  Stress  In West Hackberry  Salt Dc3me

Figure llb: Vertical Stress  In West Hackberry  Salt Dome
At End Of SPR Life.
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